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The experiments reported here showed that application of serotonin 
(5-hydroxytryptamine, 5-HT) (100 µ M) did not induce any significant current through the 
membranes of any of the spinal neurons studied (n = 62). At the same time, the membranes of 
most motoneurons and interneurons (15 of 18) underwent slight depolarization (2–6 mV) in the 
presence of 5-HT, which was not accompanied by any change in the input resistance of the cells. 
Depolarization to 10–20 mV occurred in some cells (3 of 18) of these functional groups, this 
being accompanied by 20–60% decreases in input resistance. The same concentration of 5-HT 
induced transient low-amplitude depolarization of most sensory spinal neurons (dorsal sensory 
cells), this changing smoothly to long-term hyperpolarization by 2–7 mV. The input resistance of 
the cell membranes in these cases showed no significant change (n = 8). Data were obtained 
which provided a better understanding of the mechanism by which 5-HT modulates the activity of 
spinal neurons. Thus, 5-HT facilitates chemoreceptive currents induced by application of NMDA 
to motoneurons and interneurons, while the NMDA responses of dorsal sensory cells were 
decreased by 5-HT. 5-HT affected the post-spike afterresponses of neurons. 5-HT significantly 
decreased the amplitude of afterhyperpolarization arising at the end of the descending phase of 
action potentials in motoneurons and interneurons and increased the amplitude of 
afterdepolarization in these types of cells. In sensory spinal neurons, 5-HT had no great effect on 
post-spike afterresponses. The results obtained here support the suggestion that 5-HT 
significantly modulates the activity of spinal neurons of different functional types. 5-HT facilitates 
excitation induced by subthreshold depolarization in motoneurons and some interneurons, 
facilitating the generation of rhythmic discharges by decreasing afterhyperpolarization. In 
sensory cells, 5-HT enhances inhibition due to hyperpolarization, suppressing NMDA currents. 
The differences in the effects of 5-HT on functionally diverse neurons are presumed to be 
associated with the combination of different types of 5-HT receptors on the membranes of these 
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types of spinal neurons. 
 
Serotonin (5-hydroxytryptamine, 5-HT) is a biologically active substance present in a 
variety of tissues, including nervous tissue, in all vertebrates and invertebrate animals. The 
effects of disturbances in the effects of 5-HT – tremor, rigidity, and reciprocal limb movements – 
have long been known, though investigation of the effects of 5-HT on defined functional systems 
and individual nerve cells from vertebrate spinal and cerebral nuclei has demonstrated that this 
substance has a surprising variety of effects; great difficulties have been experienced in 
identifying the mechanisms of its actions. 
5-HT is usually regarded as a modulator in the nervous system [54]. In vitro experiments 
based on local application of 5-HT to cells have shown that the effects of 5-HT are “smeared” 
over time, starting with a delay and continuing for some time after washing. The modulatory 
effects of 5-HT are also apparent where there are few terminals of 5-HT-containing fibers [56]. 
Most serotonergic cells in vertebrates are located in the cervical nuclei of the midbrain and 
medulla oblongata, and the fibers of these cells form the descending serotonergic system, which 
controls the activity of both sensory and motor neurons in the spinal cord, as well as the 
autonomic components of the thoracic segments [54]. 
The effects of 5-HT on individual nerve cells have been studied both on spinal cord and 
brain cells from mammals (rats, cats, guinea pigs, rabbits), as well as from reptiles, amphibia, 
and cyclostomata. The latter, like all vertebrates, have been shown to have both descending [15] 
and intraspinal [81] serotonergic systems, and the terminals of serotonergic neurons have been 
located in at dorsal and ventrolateral areas of spinal segments [80]. In complete agreement with 
such a wide morphological representation of the 5-HT fibers of segmental neurons of different 
functional types, 5-HT has been shown to influence the locomotor rhythm, which is generated by 
the segmental neural networks and which controls trunk movements in these animals [19, 31, 42]. 
Addition of 5-HT to the perfusing solution has been shown to produce dose-dependent 
decreases in discharge frequencies in ventral roots but to increase the duration of these 
discharges, by recruiting previously inactive motoneurons [31, 70, 85]. Discharges in the ventral 
roots are the output signal directed to the truncal musculature. These discharges follow on from 
intrasegmental processing of information arriving from centers in the brain and from the 
periphery. The main target cells for 5-HT in the spinal cord of the lamprey are premotor 
interneurons and motoneurons. The discharge frequencies of these and other cells 
(spontaneous or evoked by a depolarizing stimulus) increased in response to 5-HT [79]. In 
addition, 5-HT increased the duration of the depolarization plateau in oscillations induced by 
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NMDA in unidentified spinal neurons [83]. These facts are evidence that 5-HT potentiates 
excitation in motor and premotor cells. On the other hand, 5-HT-induced decreases in the 
amplitude of EPSP induced in motoneurons by stimulation of individual Mullerian (reticulospinal) 
axons and the hyperpolarization which has been observed suggest the possibility that 5-HT has 
inhibitory effects on the activity of these cells [18, 28]. There are significantly fewer serotonergic 
fibers and terminals in the dorsal part of the lamprey spinal segment than in the ventral part [32], 
which led to the suggestion that 5-HT has no effect on the activity of sensory cells (dorsal 
sensory cells) and giant interneurons [80]. 
Considering the small number of published reports (and their contradictory nature) on the 
effects of 5-HT on motoneurons, the absence of conclusive data on the effects of 5-HT on dorsal 
sensory cells, and the undoubted importance of 5-HT regulation of motor activity in cyclostomata, 
we elected to study the effects of 5-HT on the membrane properties, spike activity, (action 
potentials), and responses to the application of excitatory amino acids of different populations of 
lamprey spinal cord neurons, using completely isolated neurons identified from their 
morphological features. It was of interest to identify whether 5-HT modulates the electrical 
activity of isolated spinal neurons and to identify the nature of its modulation and its relationship 
to the presence in the membranes of isolated motoneurons of strictly postsynaptic receptors. 
The main study system consisted of motoneurons and interneurons, i.e., those cell populations 
which are sensitive to 5-HT in intact animals [42] and in in vitro isolated brain conditions [83]. 
Some of the data presented here have previously been published as a brief report [17].  
 
Methods 
Experiments were performed on adult Lampetra fluviatilis lampreys of length 25–30 cm, 
which were kept before experiments in large tanks with aerated water at temperatures of no 
greater than 10°C. A total of 222 lampreys, anesthet ized in 0.025% MS solution, were used for 
removal of part of the spinal cord from beneath the dorsal fin. These were treated with an 
enzymatic/mechanical method to obtain isolated cells. Enzymatic treatment consisted of 
incubating the cord in collagenase solution (1.6 mg/ml for 30 min) and then in pronase (0.5 
mg/ml for 2.5 h). The method used for cell isolation has been described in detail elsewhere [1].  
Enzyme-treated fragments were mechanically dissociated by repeated trituration with 
Pasteur pipettes with sequentially decreasing diameters, from 600 to 150 µ m. Each portion of 
the dissociated neurons contained numerous cells of different shapes and sizes. Studies used 
dorsal sensory cells and branched unidentified neurons. The former had the shape of slightly 
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flattened spheres of diameter 30–40 µ m and smooth surfaces. Branched neurons were 
multipolar cells with body diameters of 100–120 µ m. Unlike the dorsal sensory cells, these had 
3–7 branched processes which were often 2–3 cell diameters long, reaching 300 µ m. Judging 
by the sizes and shapes of the bodies and the structures of the dendritic trees, these cells could 
be identified as motoneurons or large interneurons. 
Mechanical isolation and subsequent maintenance of spinal neurons were performed 
using normal physiological saline containing 92.0 mM NaCl, 2.5 mM KCl, 2.6 mM CaCl2, 2.4 mM 
MgCl2, 20.0 mM HEPES-Na, 0.3 mM EGTA, 3.0 mM NaHCO3, 0.75 mM NaH2PO4, 0.25 mM 
Na2HPO4, and 10.0 mM glucose, pH 7.4. Before use, solutions were aerated with oxygen and 
cooled to 6–10°C.  
A whole-cell patch-clamp method was used [30]. Voltage-activated and chemoreceptive 
currents were studied in a clamped voltage regime; the effects of 5-HT on membrane potential 
and action potentials were studied in clamped current conditions. The solution within pipettes 
contained 110 mM KF, 20 mM Tris, 5 mM EGTA, and 10 mM glucose, pH 7.2. In some cases 
(the example in Fig. 10), the pipette solution contained 100 mM cesium glutamate, 20 mM 
CsMeSO4, 4 mM MgCl2, 8 mM TEA-Cl, 10 mM HEPES, 8.5 mM EGTA, 5 mM ATP, 1 mM GTP, 
14 mM creatine phosphate, 50 U/ml creatine phosphokinase, 3 mM leupeptin, and 10 mM 
glucose, pH 7.3. 
The experimental chamber consisted of two sectors: a large (2 ml) sector and a small (0.5 
ml) sector, isolated from each other by a removable Plexiglas partition. The large sector was 
used for selection of cells and collection with a pipette, and the small for pharmacological tests. 
The effects of 5-HT on membrane potential and cell membrane resistance were studied by 
stopping the flow of solution through the small chamber and adding the desired concentrations of 
5-HT from a Hamilton syringe. Traces of membrane potential were started before application of 
5-HT, were taken continuously for 1.5–2 min, and were stored in a single file. During this time, 
measurements were made of membrane resistance by passing impulses of depolarizing 
subthreshold currents lasting 25 msec, with intervals of 75 msec. The Clampfit program was then 
used to determine the membrane resistance using the formula Rm = (U)/ 
∆
I), where Rm is 
membrane resistance, U is the amplitude of the potential recorded in response to an impulse of 
current, and 
∆
I is the amplitude of the applied impulse current. Plots were then constructed of 
changes in membrane resistance before and during exposure to 5-HT (Fig. 1, A, B). After 2 min 
of exposure to 5-HT, the flow was continued for 5–10 min to wash the cells and restore initial 
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membrane parameters. Studies of the modulation of NMDA responses by 5-HT were performed 
as follows. At the first stage, the flow through the small chamber was stopped and a Hamilton 
syringe was used to add NMDA solution to the desired concentration; the response was 
recorded (depolarization or current). Cells were then washed for 3 min with normal solution. At 
the second stage, the flow was again stopped, 5-HT was added, and changes in membrane 
potential or current were measured. After one minute of exposure to 5-HT, NMDA was added to 
the chamber at the same concentration and the NMDA response in the presence of 5-HT was 
measured. Cells were then washed for 3 min, after which, at the third stage, the test with NMDA 
alone was repeated. A similar method was used to measure the effects of 5-HT on responses 
elicited by other excitatory amino acids. The effects of 5-HT on postspike afterresponses were 
studied by applying square-wave suprathreshold current impulses of duration 10 or 25 msec. 
Traces were made of several action potentials in normal solution, then after 30–60 sec of 
exposure to 5-HT, and again after 5 min of washing. Compensation was made for the 
capacitative component of the depolarizing current impulse [3]. The effects were demonstrated 
on plots by superimposing three different action potentials using the SigmaPlot program. 
The experimental instrumentation included an Axopatch-D amplifier with a CV-4 head 
and a DigiData-1200 analog-to-digital converter (Axon Instruments, USA). Data were gathered 
using the Clampex and Fetchex programs from the pClamp 6.0 program suite (Axon Instruments, 
USA). Data were analyzed using the Clampfit and Fetchan programs from the same suite. 
Responses were recorded on the hard disk of an IBM PC 486 computer. Statistical data are 
presented as mean ± standard error. 
 
Results 
The Effects of 5-HT on Membrane Potential and Membrane Input Resistance of Spinal 
Neurons 
Studies of the mechanism of action of any modulator on nerve cell activity require 
knowledge of how the membrane potential and cell membrane input resistance change in 
response to the agent of interest in the absence of any other influences. Application of 100 µ M 
5-HT to the membrane of all the branched cells studied in this series (n = 10) resulted in 
depolarization lasting from 1 to 40 sec, after which the membrane potential returned to initial, as 
shown in Fig. 1, A2. The amplitude of evoked depolarization in most branched cells (7 of 10) was 
2–6 mV. Changes in membrane input resistance were not detected (Fig. 1, A1). In some 
branched cells (3 of 10), depolarization was more significant, reaching 9, 14, and 25 mV. The 
Batueva, Buchanan, Veselkin, Suderevskaya, Tsvetkov 6 
 
input resistance of these cells decreased by 12%, 20%, and 63% respectively on exposure to 
5-HT.  
The effects of 5-HT on the membranes of sensory cells (dorsal sensory cells) were 
significantly different from those on branched cells. Thus, depolarization was short-lived and of 
low amplitude in four of the eight cells studied. The subsequent hyperpolarization was more 
marked and had amplitudes of 2–7 mV and durations of 1–2 min (Fig. 1, B2). After washing for 
6–10 min with physiological saline, membrane potential returned to baseline. The input 
resistance of sensory cells did not change in the presence of 5-HT. Only two cells showed 
insignificant increases in resistance, this being on the margin of the measurement error. One of 
these cells is shown in Fig. 1, B1. Long-lasting depolarization with amplitudes of 0.5–2.5 mV was 
seen in two dorsal sensory cells. Membrane potential showed no change on exposure to 5-HT in 
the other two cells. 
The Effects of 5-HT on NMDA-Evoked Responses in Branched and Dorsal Sensory Cells 
Glutamate, aspartate, and its derivative NMDA (N-methyl-D-aspartate) are presently 
regarded as possible excitatory mediators in the lamprey spinal cord [16, 29, 36]. Application of 
these amino acids or their derivatives to the membranes of lamprey spinal neurons has been 
shown to induced depolarization similar to excitatory postsynaptic potentials. We reproduced this 
test to identify any possible effect of 5-HT on the excitation of spinal neurons. 
The effects of 5-HT on NMDA responses were studied in 18 branched cells. In all cases, 
NMDA induced dose-dependent depolarization, which reached maximum amplitudes of 40 mV 
at an NMDA concentration of 1.5 mM. The effects of 5-HT on NMDA responses were studied 
using intermediate NMDA concentrations of 0.5–0.8 mM. In all cells studied (n = 8), application of 
NMDA in the presence of 5-HT induced depolarization of higher amplitude than seen with NMDA 
alone. A typical example is shown in Fig. 2. After addition of 100 µM 5-HT to the stationary 
solution in the small chamber, the amplitude of the NMDA-induced depolarization was greater 
than the sum of the amplitudes of the depolarization induced by NMDA and 5-HT each used 
alone (Fig. 2, C). These results indicate that 5-HT potentiates NMDA responses. The effects of 
5-HT on NMDA-induced currents were also studied in branched cells in conditions of membrane 
voltage clamping. In most neurons (7 of 10), 5-HT induced increases in NMDA currents (Fig. 3). 
It should be noted that application of 5-HT alone (100 µ M) more often failed to induce a specific 
current through the membrane of all types of cell (branched and dorsal). The more rarely 
appearing influx current was no greater than 300 pA (Figs. 3, B; 5, B2). At the same time, 
application of NMDA in the presence of 5-HT induced potentiation of the peak amplitude of the 
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NMDA current by an average of 92 ± 52%. There was a simultaneous increase in the duration of 
the slow component of the current, as shown in Fig. 3, C. 
The effects of 5-HT on responses induced in branched cells by the application of other 
excitatory amino acids were also studied. Thus, application of 1 mM aspartate in the presence of 
5-HT (n = 5) resulted in potentiation of the evoked depolarization by 50–80% of initial (Fig. 4). 
Similar results were obtained in four cells using kainate and quisqualate. The effects of 5-HT on 
depolarization and currents induced by application of glutamate were less marked. Thus, neither 
the depolarization nor the current showed any significant change due to addition of 5-HT in four 
of five cells (Fig. 5, A, B). One cell showed 30% increases in depolarization with subsequent 
recovery to initial after 7 min of washing with physiological saline. Summarizing these results 
leads to the conclusion that 5-HT behaves as a modulator of branched cells, facilitating excitation 
of these cells. 
The effects of 5-HT on responses induced by excitatory amino acids in sensory cells 
were qualitatively different. Electrophysiological studies have shown that dorsal sensory cells 
from the lamprey spinal cord lack synaptic inputs [55]. Electron microscopic studies also failed to 
demonstrate synaptic structures on the surface membranes of these cells [20, 71]. However, 
these points do not exclude the possibility that presynaptic mediator receptors are present on the 
membranes of dorsal sensory cells, as we have demonstrated in relation to GABAB receptors 
[28]. In our experiments, application of glutamate and glycine to these cells evoked weak 
currents (0.5 nA or smaller). Kainate (0.5 mM) and quisqualate (1 mM) could evoke 
depolarization to 20 mV, and this was largely independent of the presence of 5-HT. NMDA (1 
mM) acted the most effectively on the membranes of dorsal sensory cells, inducing 
high-amplitude depolarization and currents, and these responses were significantly modulated 
by 5-HT. In the presence of 5-HT, decreases in both the depolarization (Fig. 6) and current (Fig. 
7) induced in dorsal sensory cells by this amino acid were seen more frequently. Decreases in 
responses to NMDA were seen in seven of 13 cells; responses showed no changes in two cells, 
and four showed small increases in responses by 10–13% of initial.  
The Effects of 5-HT on Postspike Afterresponses in Branched and Dorsal Sensory Cells. 
This part of the study was performed on 19 branched cells and 15 dorsal sensory cells. 
As in the first part of the experiments, studies of the effects of 5-HT on membrane input 
resistance of spinal neurons showed that most branched cells (11 of 19) depolarized in response 
to application of 5-HT. Membrane potential showed no change in two cells, while six cells 
showed weak hyperpolarization. Action potentials were induced by short and long impulses of 
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threshold current. The amplitude of this potential averaged 73.79 ± 23.4 mV. Postspike 
afterresponses were variable and could consist either of hyperpolarization or depolarization or 
could be of mixed nature. The dominant action potential afterresponse consisted of 
hyperpolarization. This was seen in 17 of 19 cells studied, and its amplitude averaged 15.5 ± 7.1 
mV. 5-HT decreased the amplitude of afterhyperpolarization by 5.3 ± 4.2 mV (34.0 ± 27.0%), had 
no effect in two cells, and increased afterhyperpolarization in one cell. A typical example of the 
change in afterhyperpolarization is shown in Fig. 8. Four cells showed postspike depolarization. 
Afterdepolarization decreased in response to 5-HT (Fig. 9) and could induce a second action 
potential. When postspike responses were mixed in nature and were sufficiently clearly marked, 
5-HT changed them as follows: hyperpolarization decreased, depolarization increased. 
The effects of 5-HT on postspike reactions were studied in 15 dorsal sensory cells. 
During measurements of action potentials, the membrane potential averaged 77.8 ± 9.2 mV; 
action potential amplitude averaged 75.6 ± 4.7 mV. Application of 5-HT displaced the membrane 
potential towards hyperpolarization in nine of the 15 cells, while three showed depolarization and 
the three remaining cells showed no change in membrane potential. As in branched cells, 
postspike reactions consisted mainly of afterhyperpolarization (in seven of 15 cells). 
Afterdepolarization was seen in four dorsal sensory cells; afterresponses were of mixed 
character in one cell and completely absent in three cells. Unlike branched cells, postspike 
reactions of all types in dorsal sensory cells were less sensitive to 5-HT and their changes after 
application of 5-HT were insignificant. Figure 10 illustrates the absence of significant changes in 
the postspike reactions of dorsal sensory cells in the presence of 5-HT. As shown in Figs. 8 and 
10, 5-HT also produced changes in the shape of action potentials – duration increased and the 
shape of the leading front sometimes changed. 
 
Discussion 
The effects of 5-HT were studied here in 82 isolated spinal neurons (62 cells in the 
present experiments and 20 branched cells in experiments with modulation of membrane 
potential oscillations [17]). These studies showed that all the cells studied were sensitive to 5-HT. 
At the same time, these results support the concept that in the absence of activity induced in 
both branched and dorsal sensory cells by any other factors, addition of 5-HT to the perfusing 
solution had little effect on the electrical parameters of the cell membranes. Thus, for example, 
application of 5-HT produced no significant changes in resistance or large currents through the 
membranes. The depolarization seen in many branched cells, although prolonged, was below 
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the threshold for inducing action potentials, while hyperpolarization was also small and did not 
prevent the induction of action potentials by depolarizing stimuli. These effects were induced by 
5-HT at concentrations of 80–100 µ M. At lower concentrations, 5-HT had no effects at all. An 
increase in the concentration to 200 µ M increased the effects, though they disappeared rapidly 
and were only restored after prolonged washing; the instability of these effects prevented 
systematic investigation. 
Other authors have also found that 5-HT alone has no effects in studies of the actions of 
this amine on motoneurons in isolated lamprey spinal cord preparations [18], on 
mechanosensitive cells in the medicinal leech [11], on motoneurons of neonatal rat spinal cord 
[10], and on motoneurons in the rat facial nerve [82]. However, it is well known that 5-HT 
significantly alters the parameters of already developed functional systems – it is involved in 
regulating the respiratory rhythm [13, 49] and it controls motor activity in vertebrates [54]. At the 
cellular level, 5-HT has been shown to increase the frequency of spontaneous and 
stimulation-evoked activity of preganglionic sympathetic neurons [22, 57] and rat red nucleus 
neurons [47] and increases the discharge frequency in motor nuclei of the rat spinal cord [89]. 
Vertebrate motoneurons are particularly sensitive to 5-HT, iontophoretic application of which can 
induce a depolarization plateau and rhythmic action potentials in the motoneurons of cats [38], 
tortoises [39], and rats [52, 76]. In rat spinal motoneurons, 5-HT also induced long-term changes 
in excitability, decreases in the thresholds of glutamate-evoked action potentials, and increases 
in discharge frequency in ventral roots [5, 56, 86]. 
Existing data on the effects of 5-HT on responses in motoneurons induced by application 
of excitatory amino acids are of special interest for understanding the results we have obtained. 
5-HT has been shown to increase depolarization induced in frog motoneurons by application of 
glutamate, aspartate, NMDA, and quisqualate [35]. 5-HT is also known to potentiate responses 
to NMDA in cat [60] and rat [66, 67] neocortex neurons and to induce oscillations in spinal 
neurons which are “silent” when NMDA is applied alone [72, 74]. 
Our data on the effects of 5-HT on depolarization and currents induced by NMDA in 
branched cells are in complete agreement with the points discussed above. Preincubation of 
branched cells in solutions containing 5-HT increased NMDA-evoked depolarization by factors of 
2–3, and also increased the frequency of action potentials occurring at the depolarization plateau. 
Similarly, 5-HT potentiated NMDA currents, which were increased by 5-HT by 100% and more. 
In our experiments, 5-HT also induced potentiation of responses to the application of other 
excitatory amino acids – aspartate, kainate, and quisqualate. Thus, the results obtained here 
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lead to the conclusion that that the major effect of 5-HT on motoneurons and other isolated 
lamprey spinal cord branched cells is to potentiate their excitation. 
The modulatory effects of 5-HT on dorsal sensory cells consisted of minor inhibition of 
their activity. Addition of 5-HT to the perfusing solution produced small amounts of 
hyperpolarization in most of the cells studied. 5-HT suppressed the depolarization and currents 
induced in dorsal sensory cells by application of NMDA. 
This type of 5-HT effect on vertebrate nerve cells has also been described many times in 
the literature. Examples include the suppression by 5-HT of responses to all excitatory amino 
acids and potentiation of GABAergic inhibition in cat cerebellar cells [44], inhibition of 
spontaneous activity induced by glutamate in cerebellar Purkinje cells [45], and potentiation of 
glycinergic inhibition in rat preganglionic sympathetic neurons [46]. Hyperpolarization and 
inhibition of activity due to 5-HT have also been seen in hippocampal neurons [41] and in 
unidentified dorsal horn neurons from the rat [24] and cat [27, 33] spinal cord. 
Morita and Katayama [59] studied bullfrog dorsal ganglion cells and found that 80% of the 
cells studied responded to superfusion or iontophoretic application of 5-HT with 
hyperpolarization. A total of 16% of the cells showed rapid depolarization, which underwent a 
smooth transition to long-lasting hyperpolarization (compare with Fig. 1, B). The authors 
regarded rapid depolarization as the basis of presynaptic inhibition of activity in primary afferents. 
Hyperpolarization, also induced by 5-HT in the same cells, was regarded as able to increase the 
threshold for propagation of action potentials, decreasing action potential frequency, and thus 
able to suppress the release of mediator in preterminals. Another study, performed on the 
lamprey spinal cord, described contacts of the “tight junction” type between serotonergic fibers 
and the processes of labeled dorsal sensory cells; decreases in the amplitude of monosynaptic 
EPSP evoked in giant interneurons by stimulation of individual cells or the dorsal columns has 
also been described [26]. 
All these points are in agreement with the concept that 5-HT has the role of a modulatory 
or inhibitory mediator of descending serotonergic pathways, acting directly or indirectly (via 
interneurons) to increase inhibition in sensory neurons of the dorsal horn in vertebrates [14, 48].  
As noted above, dorsal sensory cells do not have synaptic structures on their surface 
membranes. In our experiments, these cells generated very weak currents in response to 
application of glutamate, GABA, and glycine, which makes it doubtful that their membranes could 
have postsynaptic receptors for these amino acids. However, we have previously observed 
presynaptic GABAB receptors in dorsal sensory cells and their processes [2], and they evidently 
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also have presynaptic NMDA receptors, as the responses of these cells to NMDA described in 
the present study were clear, dose-dependent, and sensitive to blockade by the specific NMDA 
receptor blocker APVA. The presence of NMDA receptors on the processes of sensory cells at 
first glance appears unlikely, as activation is usually associated with functions not characteristic 
of sensory cells (memory, learning, and convulsive and pacemaker activities). However, NMDA 
receptors have recently been detected by immunohistochemical methods on the presynaptic 
terminals of rat dorsal root horn cells. These receptors were located in the immediate vicinity of 
active zone vesicles, which led to a conclusion about their possible functional role – activation of 
presynaptic NMDA receptors may facilitate release of mediator by increasing the Ca
2+ 
current in 
the preterminal regions [51]. This suggestion has received experimental support [50] and it helps 
to understand the importance of our data. 
Thus, we can conclude that 5-HT increased the excitability of motoneurons and weakly 
inhibits the activity of sensory cells of the dorsal region in the spinal segments of the lamprey. 
Attempts to identify the functional explanation of these conclusions are aided by the suggestion 
that, controlling the incoming afferent flows from the periphery to motoneurons, 5-HT can 
facilitate the transmission and analysis in segmental neurons of information arriving from brain 
centers, thus modulating motor activity. 
The last part of the present study analyzed 5-HT-induced changes in the parameters of 
action potentials evoked by depolarizing stimuli in branched cells and dorsal sensory cells. 
Afterresponses (rapid and slow hyperpolarization, as well as depolarization) are known to play 
an important role in controlling the frequency of action potentials generated by neurons and 
propagated via nerve fibers [6]. Decreases in the amplitude of afterhyperpolarization lead to 
increases in the frequency and duration of action potentials [53]. In lampreys, regulation of 
discharge frequency plays the decisive role in organizing the locomotor rhythm and movements. 
The effects of 5-HT demonstrated in several studies on discharge parameters in the ventral roots, 
along with increases in the activity of locomotor generator cells, led investigators to assess 
5-HT-related changes in action potential afterresponses. Our results – reversible decreases in 
afterhyperpolarization in branched cells (motoneurons and interneurons) and the 5-HT 
insensensitivity of the action potential afterresponses of dorsal sensory cells – are in complete 
agreement with previously published data obtained in other laboratories [79, 83, 84]. In our 
experiments, afterhyperpolarization in motoneurons decreased to 50% of initial, while 
afterdepolarization, conversely, increased (Fig. 9) and could induce repeat action potentials. 
These points provide further support for the idea that 5-HT has excitatory influences on 
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motoneurons and segmental interneurons, increasing their activity. Dorsal sensory cells, not 
within the locomotor generator, generate action potentials whose afterresponses were not 
changed by 5-HT. 
It should be noted that action potential amplitudes in all the cells studied changed 
insignificantly in response to 5-HT – with increases or decreases – which we believe is 
associated with changes in the membrane potential. This same cause may underlie changes in 
the thresholds for action potential generation and in action potential leading edges. In addition, 
almost all the cells showed increases in action potential duration, mainly because of an altered 
time course in the descending and, in some cases, the ascending phase. These changes may be 
important in the conduction of sensory impulses from the periphery, especially in the case of 
high-frequency discharges from pain-perceiving sensory neurons. It is presently difficult to draw 
any conclusion regarding the mechanism of the 5-HT-induced changes in the kinetics of the 
currents underlying action potentials. There are two possible main explanations. The first is an 
increase in calcium entry into cells, as demonstrated in a number of studies [12, 73], which is 
often regarded as a possible mechanism of presynaptic facilitation [21, 37]. The second 
possibility is slowing of repolarization associated with suppression of the potential-activated 
efflux calcium current, which has also been demonstrated [40, 64, 83]. Since many investigators 
regard 5-HT in the spinal cords of lampreys and other vertebrates as an agent inducing 
presynaptic inhibition [18, 75, 89] associated with blockade of the calcium current [8, 25, 26, 68], 
and the data obtained here also provide evidence in favor of presynaptic inhibition in dorsal 
sensory cells, the second explanation seems to us to be in better correspondence with the 
results, though final resolution of the question of the reasons for the increase in action potential 
duration clearly needs further study. The very fact of changes in action potential parameters due 
to 5-HT is of interest as another possible mechanism for the modulation by 5-HT of the efficiency 
of synaptic transmission in the spinal cord. 
Our results make it possible to regard 5-HT as a modulator which effectively influences 
the activity of different types of spinal neurons in the lamprey. This conclusion admits the 
following facts. Exposure to 5-HT alone produces weak and unclear effects. 5-HT has different 
effects on different cells of the same type. Thus, most of the branched cells showed 
depolarization, though there were also some cells which underwent hyperpolarization. The 
effects of 5-HT on the membrane potential of dorsal sensory cells and on NMDA-induced 
depolarization and currents in these and other cells were also variable. As in our own 
experiments, 5-HT has been seen to have effects in different directions in dorsal horn neurons 
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[77] and in the terminals of primary afferents in frogs [34], and to produce biphasic responses in 
rat hippocampal cells [4, 7] and cat motoneurons [90]. These facts could sometimes be 
explained by the use of different concentrations of 5-HT or by the presence of direct and indirect 
effects on the cells under study. In our experiments, both of these mechanisms were excluded 
and, moreover, we observed either only postsynaptic (in branched cells) or only presynaptic (in 
dorsal sensory cells) effects with 5-HT. There is one further possible explanation for the 
complexity of the effects of 5-HT. The concept that there is a multitude of 5-HT binding sites, or 
5-HT receptors, is widely accepted [9, 43, 58, 61, 65, 78, 87]. This property is not characteristic 
for mediator receptors, but is associated with modulators. There is evidence that some of the 
5-HT receptors are associated with second messenger systems [23]. The presence on spinal 
neuron surface membranes and their processes of several 5-HT receptor subtypes, which 
interact with many active regions of membranes, may be the cause of the wide variety of 
responses recorded by electrophysiological methods in brain preparations, in isolated cells, and 
on fragments of cell membranes. 
As regards the lamprey spinal cord, studies in recent years have demonstrated that not 
only 5-HT, but also other endogenous amines and peptides, such as dopamine [69], tachykinin 
and substance P [62], and peptide Y and GABA [63] can modulate the activity of spinal 
segmental neurons, control the locomotor rhythm, and provide for adaptability and lability of the 
animals’ movement behavior. 
 
Acknowledgements 
This study was supported by the NIH Fogarty International Research Collaboration 
Awards (USA, Grant N R03 TW00245-01) and the Russian Fund for Basic Research (Grants 
Nos. 99-04-49684 and 00-15-97935). 
 
References 
1. V. Batueva, E. A. Tsvetkov, J. T. Buchanan, and N. P. Veselkin, “Studies of 
potential-activated currents in isolated spinal cord neurons from the river lamprey 
Lampetra fluviatilis,” Zh. Evolyuts. Biokhim. Fiziol., 32, No. 3, 267–283 (1996). 
2. I. V. Batueva, J. T. Buchanan, E. A. Tsvetkov, A. K. Sagatelyan, and N. P. Veselkin, “The 
calcium current and GABAb receptors in the dorsal sensory cells of the lamprey,” Ros. 
Fiziol. Zh. im. I. M. Sechenova., 83, 79–90 (1997). 
3. F. Sigvors, B. Sakman, and E. Neer, “Whole-cell recording using tight contact,” in: 
Batueva, Buchanan, Veselkin, Suderevskaya, Tsvetkov 14 
 
Recording Single Channels [Russian translation], B. Sakman and E. Neer (eds.), Mir, 
Moscow (1987), pp. 142–160. 
4. R. Andrade and R. A. Nicoll, “Pharmacologically distinct actions of serotonin on single 
pyramidal neurones of the rat hippocampus recorded in vitro,” J. Physiol. (London), 394, 
99–124 (1987). 
5. S. Barasi and M. H. Roberts, “The modification of lumbar motoneurone excitability by 
stimulation of a putative 5-hydroxytryptamine pathway,” Brit. J. Pharmacol., 52, 339–348 
(1974). 
6. E. F. Barrett and J. N. Barrett, “Separation of two voltage-sensitive potassium currents, 
and demonstration of a tetrodotoxin-resistant calcium current in frog motoneurones,” J. 
Physiol. (London), 255, 737–774 (1976). 
7. A. Baskys, C. E. Niesen, and P. L. Carlen, “Altered modulatory actions of serotonin on 
dentate granule cells of aged rats,” Brain Res., 419, 112–118 (1987). 
8. I. V. Batueva, E. A. Tsvetkov, A. K. Sagatelyan, J. T. Buchanan, N. P. Vesselkin, V. D. 
Adanina, E. I. Suderevskaya, J.-P. Rio, and J. Reperant, “Physiological and 
morphological correlates of presynaptic inhibition in primary afferents of the lamprey 
spinal cord,” Neurosci., 88, 975–987 (1999). 
9. G. Baxter, G. Kennett, F. Blaney, and T. Blackburn, “5-HT2 receptor subtypes: a family 
re-united?” Trends Pharm. Sci., 16, 105–110 (1995). 
10. M. Beato, E. Bracci, and A. Nistri, “Contribution of NMDA and non-NMDA glutamate 
receptors to locomotor pattern generation in the neonatal rat spinal cord,” Proc. Roy. Soc. 
Lond. B. Biol. Sci., 264, 877–884 (1997). 
11. F. Belardetti, M. Brunelli, G. Demontis, and D. Sonetti, “Serotonin and Retzius cells 
depress the hyperpolarization following impulses of leech touch cell,” Brain Res., 300, 
91–102 (1984). 
12. A. J. Berger and T. Takahashi, “Serotonin enhances a low-voltage-activated calcium 
current in rat spinal motoneurons,” J. Neurosci., 10, 1922–1928 (1990).  
13. A. C. Bonham, “Neurotransmitters in the CNS control of breathing,” Resp. Physiol., 101, 
219–230 (1995). 
14. R. M. Bowker, K. N. Westland, M. C. Sullivan, and J. D. Coulter, “Organization of 
descending serotonergic projections to the spinal cord,” Progr. Brain Res., 57, 239–265 
(1982). 
15. L. Brodin, J. T. Buchanan, T. Hökfelt, S. Grillner, P. Frey, A. A. Verhofstad, G. J. Dockray, 
Batueva, Buchanan, Veselkin, Suderevskaya, Tsvetkov 15 
 
and J. H. Walsh, “Immunohistochemical studies of cholecystokinin-like peptides and their 
relation to 5-HT, CGRP, and bombesin immunoreactivities in the brainstem and spinal 
cord of lampreys,” J. Comp. Neurol., 271, 1–18 (1988). 
16. L. Brodin and S. Grillner, “The role of putative excitatory amino acid neurotransmitters in 
the initiation of locomotion in the lamprey spinal cord. II. The effects of amino acid uptake 
inhibitors,” Brain Res., 360, 149–158 (1985). 
17. J. T. Buchanan, I. V. Batueva, N. P. Vesselkin, E. I. Suderevskaya, and E. A. Tsvetkov, 
“Serotonin modulates NMDA-induced membrane potential oscillations in isolated spinal 
neurons of the lamprey,” Physiol. Res., 48, Supplement 1 (Abstracts), 1:S59 (1999).  
18. J. T. Buchanan and S. Grillner, “5-Hydroxytryptamine depresses reticulospinal excitatory 
postsynaptic potentials in motoneurons of the lamprey,” Neurosci. Lett., 122, 71–144 
(1991). 
19. J. Christenson, J. Franck, and S. Grillner, “Increase in endogenous 5-hydroxytryptamine 
levels modulates the central network underlying locomotion in the lamprey spinal cord,” 
Neurosci. Lett., 100, 188–192 (1989). 
20. J. Christenson, P. A. Lagerback, and S. Grillner, “The dorsal cell, one class of primary 
sensory neuron in the lamprey spinal cord. II. A light and electron microscopical study,” 
Brain Res., 440, 9–17 (1988). 
21. A. Colono, J. J. Garcia-Seoane, and A. Valentin, “Action potential broadening induced by 
lithium may cause a presynaptic enhancement of excitatory synaptic transmission in 
neonatal rat hippocampus,” Eur. J. Neurosci., 10, No. 7, 2433–2443 (1988). 
22. W. C. De Groat and R. W. Ryall, “An excitatory action of 5-hydroxytryptamine on 
sympathetic preganglionic neurones,” Exp. Brain Res., 3, 299–305 (1967). 
23. M. De Vivo and S. Maayani, “Inhibition of forskolin-stimulated adenylate cyclase activity 
by 5-HT receptor agonists,” Eur. J. Pharmacol., 119, 231–234 (1985). 
24. N. J. Dun and R. C. Ma, “Effect of 5-HT on single dorsal horn neurons of the rat spinal 
cord slices in vitro,” in: Abstracts of the IUPHAR 9th International Congress of 
Pharmacology, No. 401 (1984). 
25. K. Dunlap and G. D. Fischbach, “Neurotransmitters decrease the calcium conductance 
activated by depolarization of embryonic chick sensory neurones,” J. Physiol. (London), 
317, 519–535 (1981). 
26. A. El Manira, W. Zhang, E. Svensson, and N. Bussieres, “5-HT inhibits calcium current 
and synaptic transmission from sensory neurons in lamprey,” J. Neurosci., 17, 
Batueva, Buchanan, Veselkin, Suderevskaya, Tsvetkov 16 
 
1786–1794 (1997). 
27. H. L. Fields, A. I. Basbaum, C. H. Clanton, and S. D. Anderson, “Nucleus raphe magnus 
inhibition of spinal cord dorsal horn neurons,” Brain Res., 126, 441–453 (1977). 
28. S. Grillner, P. Wallen, L. Brodin, and A. Lansner, “Neuronal network generating locomotor 
behavior in lamprey: circuitry, transmitters, membrane properties, and simulation,” Ann. 
Rev. Neurosci., 14, 169–199 (1991). 
29. S. Grillner, P. Wallen, N. Dale, L. Brodin, J. T. Buchanan, and R. H. Hill, “Transmitters, 
membrane properties and network circuitry in the control of locomotion in lamprey,” TINS, 
10, 34–41 (1987). 
30. O. P. Hamill, A. Marty, F. Neher, B. Sakmann, and F. J. Sigworth, “Improved patch-clamp 
techniques for high-resolution current recording from cells and cell-free membrane 
patches,” Pflüg. Arch., 198, 85–100 (1981). 
31. R. M. Harris-Warrick and A. H. Cohen, “Serotonin modulates the central pattern 
generator for locomotion in the isolated lamprey spinal cord,” J. Exp. Biol., 116, 27–46 
(1985). 
32. R. M. Harris-Warrick, J. C. McPhee, and J. A. Filler, “Distribution of serotonergic neurons 
and processes in the lamprey spinal cord,” Neurosci., 14, 1127–1140 (1985). 
33. P. M. Headley, A. W. Duggan, and B. T. Griersmith, “Selective reduction by noradrenaline 
and 5-hydroxytryptamine of nociceptive responses of cat dorsal horn neurones,” Brain 
Res., 145, 185–189 (1978). 
34. A. M. Holohean, J. C. Hackman, and R. A. Davidoff, “Changes in membrane potential of 
frog motoneurons induced by activation of serotonin receptor subtypes,” Neurosci., 34, 
555–564 (1990). 
35. A. M. Holohean, J. C. Hackman, S. B. Shope, and R. A. Davidoff, “Serotonin 1A 
facilitation of frog motoneuron responses to afferent stimuli and to N-methyl-D-aspartate,” 
Neurosci., 48, 469–477 (1992). 
36. S. Homma, “Physiology and pharmacology of putative transmitters in lamprey central 
nervous system,” Progr. Neurobiol., 20, No. 3–4, 287–311 (1983). 
37. Y. Hori, K. Endo, and T. Takahashi, “Long-lasting synaptic facilitation induced by 
serotonin in superficial dorsal horn neurones of the rat spinal cord,” J. Physiol. (London), 
492, 867–876 (1996). 
38. J. Hounsgaard, H. Hultborn, B. Hesperson, and O. Kiehn, “Intrinsic membrane properties 
causing a bistable behaviour of alpha-motoneurones,” Exp. Brain Res., 55, 391–394 
Batueva, Buchanan, Veselkin, Suderevskaya, Tsvetkov 17 
 
(1984). 
39. J. Hounsgaard and O. Kiehn, “Ca
++ 
dependent bistability induced by serotonin in spinal 
motoneurons,” Exp. Brain Res., 57, 422–425 (1985). 
40. J. Hounsgaard and I. Mintz, “Calcium conductance and firing properties of spinal 
motoneurones in the turtle,” J. Physiol. (London), 398, 591–603 (1988). 
41. H. Jahnsen, “The action of 5-hydroxytryptamine on neuronal membranes and synaptic 
transmission in area CA1 of the hippocampus in vitro,” Brain Res., 197, 83–94 (1980). 
42. C. P. Kemnitz, T. R. Strauss, D. M. Hosford, and J. T. Buchanan, “Modulation of 
swimming in the lamprey, Petromyzon marinus, by serotonergic and dopaminergic drugs,” 
Neurosci. Lett., 201, 115–118 (1995). 
43. E. J. Kidd, A. M. Laporte, X. Langlois, C. M. Fattaccini, C. Doyen, M. C. Lombard, H. 
Gozlan, and M. Hamon, “5-HT3 receptors in the rat central nervous system are mainly 
located on nerve fibres and terminals,” Brain Res., 612, 289–298 (1993). 
44. P. H. Kitzman and G. A. Bishop, “The physiological effects of serotonin on spontaneous 
and amino acid-induced activation of cerebellar nuclear cells: an in vivo study in the cat,” 
Progr. Brain Res., 114, 209–223 (1997). 
45. M. Lee, J. C. Strahlendorf, and H. K. Strahlendorf, “Modulatory action of serotonin on 
glutamate-induced excitation of cerebellar Purkinje cells,” Brain Res., 361, 107–113 
(1985). 
46. D. I. Lewis, E. Sermasi, and J. H. Coote, “Excitatory and indirect inhibitory actions of 
5-hydroxytryptamine on sympathetic preganglionic neurones in the neonatal rat spinal 
cord in vitro,” Brain Res., 610, 267–275 (1993). 
47. F. Licata, G. Li-Volsi, G. Maugeri, and F. Santangelo, “Neuronal responses to 
5-hydroxytryptamine in the red nucleus of rats,” Exp. Brain Res., 107, 215–220 (1995). 
48. A. R. Light, E. J. Casale, and D. M. Menetrey, “The effects of focal stimulation in nucleus 
raphe magnus and periaqueductal gray on intracellularly recorded neurons in spinal 
laminae I and II,” J. Neurophysiol., 56, 555–571 (1986). 
49. A. D. Lindsay and J. L. Feldman, “Modulation of respiratory activity of neonatal rat 
phrenic motoneurones by serotonin,” J. Physiol. (London), 461, 213–233 (1993). 
50. H. Liu, P. W. Mantyh, and A. Basbaum, “NMDA-receptor regulation of substance P 
release from primary afferent nociceptors,” Nature, 386, 721–724 (1997). 
51. H. Liu, H. Wang, M. Sheng, L. Y. Jan, Y. N. Jan, and A. I. Basbaum, “Evidence for 
presynaptic N-methyl-D-aspartate autoreceptors in the spinal cord dorsal horn,” Proc. 
Batueva, Buchanan, Veselkin, Suderevskaya, Tsvetkov 18 
 
Natl. Acad. Sci. USA, 91, 8383–8387 (1994). 
52. R. C. Ma and N. J. Dun, “Excitation of lateral horn neurons of the neonatal rat spinal cord 
by 5-hydroxytryptamine,” Brain Res., 389, 89–98 (1986). 
53. D. V. Madison and R. A. Nicoll, “Control of the repetitive discharge of rat CA1 pyramidal 
neurones in vitro,” J. Physiol. (London), 354, 319–331 (1984). 
54. K. C. Marshall, “Catecholamines and their action in the spinal cord,” in: Handbook of the 
Spinal Cord, Vol. 1., Pharmacology, R. A. Davidoff (ed.), Marcel Dekker, New York 
(1983), pp. 275–328. 
55. A. R. Martin and W. O. Wickelgren, “Sensory cells in the spinal cord of the sea lamprey,” 
J. Physiol., 212, 65–83 (1971). 
56. R. B. McCall and G. K. Aghajanian, “Serotonergic facilitation of facial motoneuron 
excitation,” Brain Res., 169, 11–27 (1979). 
57. R. B. McCall, “Serotonergic excitation of sympathetic preganglionic neurons: a 
microiontophoretic study,” Brain Res., 289, 121–127 (1983). 
58. N. Mjemmem, A. Lund, P. K. Eide, R. Storkson, and A. Tjolsen, “The role of 5-HT1A and 
5-HT1B receptors in spinal nociceptive transmission and in the modulation of 
NMDA-induced behaviour,” NeuroReport, 3, 1061–1064 (1992). 
59. K. Morita and Y. Katayama, “5-Hydroxytryptamine effects on the somata of bullfrog 
primary afferent neurons,” Neurosci., 21, 1007–1018 (1987). 
60. S. Nedergaard, I. Engberg, and J. A. Flatman, “Serotonin facilitates NMDA responses of 
cat neocortical neurones,” Acta Physiol. Scand., 128, 323–325 (1986). 
61. D. L. Nelson, N. W. Pedigo, and H. J. Yamamura, “Multiple types of serotonin receptors,” 
in: Psychopharmacology and Biochemistry of Neurotransmitter Receptors, R. W. Olsen 
and E. Usdin (eds.), Else-vier, Amsterdam (1980), pp. 325–338. 
62. D. Parker and S. Grillner, “Tachykinin-mediated modulation of sensory neurons, 
interneurons, and synaptic transmission in the lamprey spinal cord,” J. Neurophysiol., 76, 
4031–4039 (1996). 
63. D. Parker, C. Soderberg, E. Zotova, O. Shupliakov, U. Langel,  T. Bartfai, D. Larhammer, 
L. Brodin, and S. Grillner, “Co-localized neuropeptide Y and GABA have complementary 
presynaptic effects on sensory synaptic transmission,” Eur. J. Neurosci., 10, 2856–2870 
(1998). 
64. A. E. Pickering, D. Spanswick, and S. D. Logan, “5-Hydroxytryptamine evokes 
depolarizations and membrane potential oscillations in rat sympathetic preganglionic 
Batueva, Buchanan, Veselkin, Suderevskaya, Tsvetkov 19 
 
neurones,” J. Physiol. (London), 480, 109–121 (1994). 
65. M. Pompeiano J. M. Palacios, and G. Mengod, “Distribution of serotonin 5-HT2 receptor 
family mRNAs: comparison between 5-HT2A and 5-HT2C receptors,” Brain Res. Mol. 
Brain Res., 23, 163–178 (1994). 
66. S. Rahman and R. S. Neuman, “Activation of 5-HT2 receptors facilitates depolarization of 
neocortical neurons by N-methyl-D-aspartate,” Eur. J. Pharmacol., 231, 347–354 (1993). 
67. J. N. Reynolds, A. Baskys, and P. L. Carlen, “The effects of serotonin on 
N-methyl-D-aspartate and synaptically evoked depolarizations in rat neocortical neurons,” 
Brain Res., 456, 286–292 (1988). 
68. D. W. Sah, “Neurotransmitter modulation of calcium current in rat spinal cord neurons,” J. 
Neurosci., 10, 136–141 (1990). 
69. J. Schotland, O. Shupliakov, M. Wikström, L. Brodin, M. Srinivasan, Z. B. You, M. 
Herrera-Marschitz, W. Zhang, T. Hökfelt, and S. Grillner, “Control of lamprey locomotor 
neurons by colocalized monoaminergic transmitters,” Nature, 374, 266–268 (1995). 
70. J. Schotland and S. Grillner, “Effects of serotonin on fictive locomotion coordinated by a 
neural network deprived of NMDA receptor-mediated cellular properties,” Exp. Brain Res., 
93, 391–398 (1993). 
71. R. Schultz, E. C. Berkowitz, and D. Pease, “The electron microscopy of the lamprey 
spinal cord,” J. Morphol., 98, 251–262 (1956). 
72. J. F. Scrymgeour-Wedderburn, C. A. Reith, and K. T. Sillar, “Voltage oscillations in 
Xenopus spinal cord neurons: developmental onset and dependence on co-activation of 
NMDA and 5-HT receptors,” Eur. J. Neurosci., 9, 1473–1482 (1997). 
73. S. A. Siegelbaum, J. S. Camaro, and E. R. Kandel, “Serotonin and cyclic AMP close 
single K
+ 
channels in Aplysia sensory neurones,” Nature, 299, 413–417 (1982). 
74. K. T. Sillar and A. J. Simmers, “Oscillatory membrane properties of spinal cord neurons 
that are active during fictive swimming in Rana temporaria embryos,” Eur. J. Morphol., 32, 
185–192 (1994). 
75. K. T. Sillar and A. J. Simmers, “Presynaptic inhibition of primary afferent transmitter 
release by 5-hydroxytryptamine at a mechanosensory synapse in the vertebrate spinal 
cord,” J. Neurosci., 14, 2636–2647 (1994). 
76. T. Takahashi and A. J. Berger, “Direct excitation of rat spinal motoneurones by serotonin,” 
J. Physiol. (London), 423, 63–76 (1990). 
77. H. J. Tan and V. Miletic, “Electrophysiological properties of frog spinal dorsal horn 
Batueva, Buchanan, Veselkin, Suderevskaya, Tsvetkov 20 
 
neurons and their responses to serotonin: an intracellular study in the isolated 
hemisected spinal cord,” Brain Res., 528, 344–348 (1990). 
78. K. B. Thor, S. Nickolaus, and C. J. Helke, “Autoradiographic localization of 
5-hydroxytryptamine 1A, 5-hydroxytryptamine 1B, and 5-hydroxytryptamine 1C/2 binding 
sites in the rat spinal cord,” Neurosci., 55, 235–252 (1993). 
79. P. A. Van Dongen, S. Grillner, and T. S. Hökfelt, “5-Hydroxytryptamine (serotonin) 
causes a reduction in the afterhyperpolarization following the action potential in lamprey 
motoneurons and premotor interneurons,” Brain Res., 366, 320–325 (1986). 
80. P. A. Van Dongen, T. Hökfelt, S. Grillner, A. A. Verhofstad, and H. W. Steinbusch, 
“Possible target neurons of 5-hydroxytryptamine fibers in the lamprey spinal cord: 
immunohistochemistry combined with intracellular staining with Lucifer yellow,” J. Comp. 
Neurol., 234, 523–535 (1985). 
81. P. A. Van Dongen, T. Hökfelt, S. Grillner, A. A. Verhofstad, H. W. Steinbusch, A. C. 
Cuello, and L. Terenius, “Immunohistochemical demonstration of some putative 
neurotransmitters in the lamprey spinal cord and spinal ganglia: 5-hydroxytryptamine-, 
tachykinin-, and neuropeptide Y-immunoreactive neurons and fibers,” J. Comp. Neurol., 
234, 501–522 (1985). 
82. C. P. Vandermaelen and G. K. Aghajanian, “Serotonin-induced depolarization of rat facial 
motoneurons in vivo: comparison with amino acid transmitters,” Brain Res., 239, 139–152 
(1982). 
83. P. Wallen, J. T. Buchanan, S. Grillner, R. H. Hill, J. Christenson, and T. Hökfelt, “Effects 
of 5-hydroxytryptamine in the afterhyperpolarization, spike frequency regulation, and 
oscillatory membrane properties in lamprey spinal cord neurons,” J. Neurophysiol., 61, 
759–768 (1989). 
84. P. Wallen, J. Christenson, L. Brodin, R. Hill, A. Lansner, and S. Grillner, “Mechanisms 
underlying the serotonergic modulation of the spinal circuitry for locomotion in lamprey,” 
Progr. Brain Res., 80, 321–327 (1989). 
85. P. Wallen, O. Ekeberg, A. Lansner, L. Brodin, H. Traven, and S. Grillner, “A 
computer-based model for realistic simulations of neural networks. II. The segmental 
network generating locomotor rhythmicity in the lamprey,” J. Neurophysiol., 68, 
1939–1950 (1992). 
86. S. R. White and R. S. Neuman, “Facilitation of spinal motoneurone excitability by 
5-hydroxytryptamine and noradrenaline,” Brain Res., 188, 119–127 (1980). 
Batueva, Buchanan, Veselkin, Suderevskaya, Tsvetkov 21 
 
87. M. Wikström, R. Hill, J. Hellgren, and S. Grillner, “The action of 5-HT on 
calcium-dependent potassium channels and on the spinal locomotor network in lamprey 
is mediated by 5-HT1A-like receptors,” Brain Res., 678, 191–199 (1995). 
88. S. Y. Wu, M. Y. Wang, and N. J. Dun, “Serotonin via presynaptic 5-HT1 receptors 
attenuates synaptic transmission to immature rat motoneurons in vitro,” Brain Res., 554, 
111–121 (1991). 
89. J. Yamazaki, H. Fukuda, T. Nagao, and H. Ono, “5-HT2/5-HT1C receptor-mediated 
facilitatory action on unit activity of ventral horn cells in rat spinal cord slices,” Eur. J. 
Pharmacol., 220, 237–242 (1992). 
90. L. Zhang, “Effects of 5-hydroxytryptamine on cat spinal motoneurons,” Can. J. Physiol. 
Pharmacol., 69, 154–163 (1991). 
  
Batueva, Buchanan, Veselkin, Suderevskaya, Tsvetkov 22 
 
Appendix 
Figure 1 
 
Changes in input resistance (1) and membrane potential (2) in response to 5-HT in a branched 
cell (A) and a dorsal sensory cell (B). The moment of 5-HT application is marked with an arrow. 
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Figure 2 
 
The effects of 5-HT on depolarization induced by NMDA in a branched cell. Depolarization 
induced by application of 0.8 mM NMDA (A), 100 mM 5-HT (B), and both agents (C). The double 
lines show the level of possible summation of responses to A and B. The initial stable membrane 
potential was –80 mV. Action potentials are visible on the ascending phase of the depolarization. 
The moment of 5-HT application is marked with an arrow. 
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Figure 3 
 
 
The effects of 5-HT on currents induced by application of NMDA in a branched cell. Current 
evoked by application of 1 nM NMDA (A), 100 mM 5-HT (B), NMDA + 5-HT (C), and NMDA alone 
after washing for 6 min in physiological saline (D). The moments of substance applications are 
marked with arrows. 
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Figure 4 
 
The effects of 5-HT on depolarization induced by aspartate in a branched cell. Depolarization 
induced by application of 1 mM aspartate (A), absence of response to 100 mM 5-HT (B), 
response to application of aspartate in the presence of 5-HT (C), and response to application of 
aspartate after washing for 6 min with physiological saline (D). The initial membrane potential 
was –80 mV. The moment of 5-HT application is marked with an arrow. 
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Figure 5 
 
 
The effects of 5-HT on depolarization and currents induced in branched cells by application of 
glutamate. A) Depolarization induced by 1 mM glutamate (1), absence of response to addition of 
100 mM 5-HT (2), and response to application of glutamate in the presence of 5-HT (3); B) 
current evoked in another cell by application of 1 mM glutamate (1), addition of 100 mM 5-HT (2), 
and application of glutamate + 5-HT (3). The moment of 5-HT application is marked with an 
arrow. 
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Figure 6 
 
 
The effects of 5-HT on depolarization induced by NMDA in a dorsal sensory cell. Depolarization 
induced by application of 1 mM NMDA (A), absence of any change in membrane potential in 
response to application of 100 mM 5-HT (B), depolarization induced by NMDA after exposure to 
5-HT for 1 min (C), and response to application of NMDA after washing for 10 min with 
physiological saline (D). The moments of test substance applications are marked with arrows. 
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Figure 7 
 
 
The effects of 5-HT on current activated in a dorsal sensory cell by application of NMDA. Current 
induced by NMDA alone (A); absence of a transmembrane current in response to application of 
5-HT (B); NMDA in the presence of 5-HT (C); NMDA current after washing for 6 min with 
physiological saline (D). The moments of test substance applications are marked with arrows. 
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Figure 8 
 
The effects of 5-HT on postspike hyperpolarization in a branched cell. A) Action potentials in 
normal solution (black line), after exposure to 5-HT for 1 min (gray line), and after 10 min of 
washing would normal physiological saline (dotted line); B) magnification of fragment of the plots 
shown in A. The dot-dash line shows the constant potential of –70 mV. 
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Figure 9 
 
 
The effects of 5-HT on postspike depolarization in a branched cell. For further details see caption 
to Fig. 8. The constant potential (–70 mV) is shown by the dot-dash line. 
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Figure 10 
 
 
Insensitivity to 5-HT of postspike afterresponses in a dorsal sensory cell. Types of postspike 
responses in three dorsal sensory cells (A, B, C). For further details see caption to Fig. 8. 
Constant potentials were –60 (A), –90 (B), and –70 (C) mV. The intrapipette solutions in the 
examples shown in A and B contained 100 mM Cs+. 
